Figure 1. Sequence and Secondary Structure Features of Phosducin and Gt␤
The top panel shows the amino acid sequence alignment of two phosducins (rat and bovine), PhlP (rat long form, EMBL accession number L15355), the putative yeast homolog of phosducin (GenBank accession number Z46727), and thioredoxin (E. coli). SWISSPROT accession numbers are, from top to bottom, P20942, P19632, NA, NA, P00274. The three other available phosducin sequences (human, cat, mouse) were omitted as they are highly homologous to the rat and bovine sequences, with their G t␤␥ interacting residues identical to the rat sequence.
Residues that contact G t ␤ are highlighted in blue. The blue arrow marks the start of the PlhP short form while black arrows indicate exon Cromer and Liberman (1981) .
summarize the data collection and phasing statistics. and forms an extensive interaction surface with the "top" of the Gt␤␥ propeller, the same Gt␤␥ face that interacts Solvent-flattened experimental electron-density maps were used to trace most of the phosducin chain, and with Gt␣'s switch 2 region . The N-terminal domain of phosducin appears to be very flexthe selenium sites helped to ensure the correctness of the sequence registration. Gt␤␥ was placed in the ible especially in the regions where it does not contact G t ␤␥, with an average B factor of ‫14ف‬ Å 2 compared to electron density by conventional molecular replacement. The model was refined to 2.4 Å resolution using ‫12ف‬ Å 2 for G t ␤␥ and the rest of phosducin. The high hydrophilicity of the N-terminal 105 residues (Hawes et a combination of positional refinement, simulated annealing, and cycles of manual fitting and rebuilding. Low al., 1994) might explain why this domain does not fold tightly. Helix 1 forms the core of the N-terminal domain resolution data to 50 Å was included in the refinement using a flat bulk solvent correction (Jiang and Brü nger, and contains the functionally important residue Trp-29 (Xu et al., 1995) . Helix 1 is surrounded on all sides by 1994). The current model includes residues 14-36 and 67-230 of phosducin, residues 1-340 of G t ␤, residues the remainder of the N-terminal domain. A 30 amino acid segment from Asp-37 to Arg-66 is disordered in the 1-68 of Gt␥, 257 water molecules, and 5 Gd 3ϩ ions. The structure has an R factor of 19.2% (data > 2) and a structure, showing weak electron density, presumably because of inherent flexibility. The backbone of this refree R factor of 27.6% (data > 2). An example of the A-weighted 2Fo-Fc map (Read, 1986 ) is shown in Figure  gion has been tentatively traced and is colored white in Figure 4A and green in Figure 6 . From the available 2. Table 3 summarizes the refinement statistics. All backbone torsion angles lie in allowed regions of the trace, the position of the adjoining residues and crystal packing constraints, it is likely that this disordered reRamachandran plot and the root mean squared deviation in bond lengths and angles are 0.009 Å and 1.5, gion passes close to phosducin's PKA phosphorylation site, Ser-73, whose side chain is pointed toward this respectively.
segment (see Figure 6 ). This immediately suggests that: (a) the phosphorylation site is accessible to PKA and Phosducin Structure Phosducin is composed of two domains, as shown in phosphatase, and (b) the presence of the phosphate may impose structure upon an otherwise disordered Figures 3 and 4. The N-terminal domain is mostly helical breaks in phosducin genes. Serine 73, the PKA phosphorylation site on phosducin, is marked by a red arrow. A dotted line in the secondary structure diagram indicates parts of the protein that have uninterpretable or questionable electron density. The bottom panel shows the alignment of 11 G␤ subunits. Residues that contact phosducin are highlighted in blue. Red-starred residues interact with G␣. SWISSPROT accession numbers are, from top to bottom, P04901, P11016, P16520, P29387, NA, P17343, P23232, P26308, P36408, P29829, P18851, where NA indicates not available and EMBL accession number L34290. Genetics Computer Group Wisconsin package v. 8 was used for initial alignments, which were then subjectively modified based on the observed secondary structure. Specific interactions are those less than 3.6 Å apart and were visually inspected for reasonable stereochemistry. Contacts are residues that either bury >20% of their solvent-accessible surface area or make specific interactions. Secondary structure and solvent-accessible surface area are based on DSSP (Kabsch and Sander, 1983).
Figure 2. Representative Electron Density
A-weighted 2Fo-Fc electron-density map contoured at 2 showing residues at Gt␤␥'s interface with phosducin's C-terminal domain. Gt␤␥ is white and phosducin yellow. Gd denotes a bound gadolinium ion. This figure was generated in O (Jones et al., 1991) .
region (see below). Although it has been postulated that 112-218 of the C-terminal domain of phosducin ( Figure  4B ) the corresponding C␣ atoms deviate by a root mean the N-terminal sequence of phosducin might contain part of a pleckstrin-homology domain (Hawes et al., squared distance (RMSD) of 3.1 Å . If the comparison is restricted to the secondary structure, the deviation is 1994), the phosducin crystal structure shows no similarity to known PH domain structures (reviewed in Lemmon reduced to 1.6 Å . As in thioredoxin, the phosducin C-terminal domain contains a fifth strand and an extra et al., 1996) .
The C-terminal domain of phosducin is a five-stranded ␣ helix N-terminal to the thioredoxin fold (Martin, 1995) .
However, it appears that this similarity is playing a purely mixed ␤ sheet with ␣ helices packing against both sides. It belongs to the family of proteins containing the "thiorestructural role as phosducin contains only one of the two conserved cysteines that are characteristic of the doxin fold" (see Figure 3) . The thioredoxin fold (shaded gray in Figure 3 ) consists of a four-stranded ␤ sheet and thioredoxin active site disulfide bridge. three flanking ␣ helices and is present in five classes of proteins, all interacting with cysteine-containing sub-G t ␤␥ Structure and Conformational Changes As described previously ; Sondek strates (Martin, 1995) . The C-terminal domain of phosducin is clearly closer to thioredoxin than to any of the et al., 1996) and illustrated in Figure 5A , Gt␤ has a long N-terminal helix followed by a seven-bladed ␤ propeller, other thioredoxin-fold protein classes, and in fact, it has weak sequence homology to thioredoxin (22% identity each blade consisting of a four-stranded antiparallel ␤ sheet. The seven-fold repeat in the structure of Gt␤ is and 52% similarity). When the structure of E. coli thioredoxin (Katti et al., 1990 ) is superimposed onto residues mirrored by a sequence repeat, the "WD40 motif" (Neer two sets of previous reports: one stating that the N-terminal domain of phosducin is important for Gt␤␥ binding (Hawes et al., 1994; Xu et al., 1995) and the second showing that the short form of phosducin-like protein, which lacks most of the N-terminal domain, still binds G␤␥ (Figure 1 ) (Schrö der and Lohse, 1996) . The short form of PhlP binds G t ␤␥ with 5-fold lower affinity than phosducin (Schrö der and Lohse, 1996) . The long form of PhlP is likely to bind G t ␤␥ with an affinity comparable to phosducin since it retains its N-terminus, including a highly conserved 11-residue stretch important for Gt␤␥ binding, as discussed below. Phosducin's tryptophan 29 has been mutationally implicated in Gt␤␥ binding (Xu et al., 1995) and appears, from the structure, to play an important role in the stability of the N-terminal domain. In addition to contacting two G t ␤ residues (␤Trp-99 and ␤Leu-117), phosducin's Trp-29 interacts with several phosducin residues forming a small hydrophobic core in the otherwise loosely structured N-terminal domain. Furthermore, Trp-29 is part of a segment of 11 contiguous amino acids, 20-TGPKGVINDWR-30, that is absolutely conserved in phosducin and is also present in PhlP-long (see the sequence alignment in Figure 1 ). This region, which lies at the N-terminal end of helix 1, caps the cylindrical hole The residues of G t ␤ that contribute to the phosducin/ G t ␤␥ interface are shown in Figure 7A . Although phoset al., 1994; Fong et al., 1986) . A coiled coil formed by ducin has no internal symmetry of its own, there is a the N-terminal helices of G t␤ and Gt␥ packs against one degree of symmetry to the phosducin binding site on side of the propeller, contacting blades 4 and 5. The G t ␤␥. Three residues of the WD40 motif are repeatedly C-terminus of G t␥ packs against the bottom of the proinvolved in the N-terminal interface. These residues are peller. Unlike the interaction of G t ␤␥ with G t ␣ which left the 16th, 18th, and 34th residues of the WD40 repeat, G t␤␥ essentially unaltered, Gt␤␥'s interaction with phosas numbered in Sondek et al. (1996) and shown scheducin leads to local conformational changes in three matically in Figure 5C . The amino acid species at these loops (highlighted in Figure 5B ): residues 287-295, resipositions are not conserved from blade to blade, but are dues 308-318, and residues 329-338. These loops interhighly conserved across the spectrum of G␤ sequences, act with helix 3 and the C-terminal domain of phosducin.
suggesting a canonical character to the interface. The Otherwise, the RMSD between the ␣ carbons of free residue at position 34 of the WD40 repeat, projecting G t ␤␥ and those of phosducin-bound G t ␤␥ is 1.5 Å .
outward on the top propeller surface and contacting phosducin in each of the seven repeats, is highly rePhosducin/G t ␤␥ Interface strained stereochemically as it precedes the absolutely The two phosducin domains do not interact with each conserved aspartate that is pointed inward to stabilize other, instead they wrap around the side and the top of the inner core of the G t ␤ blades. The 16th residue and the G t ␤ propeller to form an extensive interaction surface 18th residue are close to the beginning of strand 1, as with G t ␤␥ (Figure 6 ). The N-terminal domain of phosducin close to the propeller axis as a residue accessible from interacts with all of the top loops of the ␤ propeller the top of the propeller can be. Residues at positions which, as noted above, is the same surface that interacts 16 and 18 contact phosducin in six of seven and five with G t ␣•GDP ( Figure 7C ). Thus phosducin's N-terminal out of seven repeats, respectively. domain interface in this complex clearly precludes assoThe C-terminal domain binds to the "side" of the ␤ ciation of G t ␤␥ with G t ␣. Phosducin's C-terminal domain propeller, as seen in Figure 6 , where it would not interfere binds to the side of the propeller opposite the coiled coil, with G␣ binding. This surface of G␤␥ has been implicontacting blades 7 and 1, and is next to the C-terminal cated in membrane binding and receptor interaction. prenylation site of G t ␥, which anchors G t ␤␥ to the memThis raises the possibility that, by disrupting the orientabrane. The two interaction interfaces will be referred to tion of G␤␥ relative to the membrane and receptor, phosas the N-terminal interface and C-terminal interface.
ducin can interfere indirectly with the assembly and actiPhosducin buries ‫0032ف‬ Å 2 of solvent-accessible survation of the G␣␤␥ heterotrimer. The C-terminal domain face area upon binding to G t ␤␥. The N-terminal domain of phosducin, specifically strand 5 and its adjoining of phosducin accounts for ‫0051ف‬ Å 2 and the C-terminal domain buries ‫008ف‬ Å 2 . The structure is consistent with loops as well as the C-terminal loop following helix 7, (Katti et al., 1990) (red) . The N-and C-terminal residues of the C-terminal domain are labeled P111 and P230, respectively. The N-and C-terminus of thioredoxin are labeled T1 and T108. The C-terminal domain is viewed from its left side, relative to (A), in an orientation similar to that in Figure 6A . bind to the outer strands of blades 7 and 1 in Gt␤. Two The phosducin footprint on Gt␤␥ (2300 Å 2 ) is ‫007ف‬ Å 2 human phosducin sequence variants, N174K and larger than that of G t␣, which buries ‫0061ف‬ Å 2 of Gt␤␥ G178R, are located in the loop between helix 5 and upon complex formation. The number of ionic and hystrand 4 and do not contact G t ␤␥. These variants were drophobic interactions in the phosducin/G t␤␥ complex found in patients with retinopathies, although G178R is also proportionally larger. This correlates well with was also found in normal subjects (Ara-Iwata et al., the observation that Gt␤␥ interacts more strongly with 1996). If these variants are pathogenic in these retinopaphosducin than with G t ␣. Published affinity constants thies, it is not directly through a change in phosducin's range from 17 nM to 110 nM for G t ␤␥/phosducin (Yoshinterface with G t ␤␥.
ida et al., 1994; Xu et al., 1995; Schrö der and Lohse, Except for three highly conservative variants, residues 1996) compared to ‫051ف‬ nM for the G t ␤␥/G t ␣•GDP interin phosducin that contact G␤ are identical in all known action (Mittal et al., 1994) . It is noteworthy that neither sequences (see Figure 1) . This, coupled with the fact G t ␣ nor phosducin contacts G t ␥. The C-terminal domain that all of the G␤ residues contacting phosducin are of phosducin is closest to G t ␥. At its closest point, the themselves highly conserved, supports a conserved N-terminal end of helix 7, phosducin is still more than stereochemistry for the phosducin/G␤␥ interface. Pres-10 Å away from the C-terminus of G t␥. However, since ervation of this regulatory phosducin/G t␤␥ interface the crystals were produced with G t␥ that has been trunacross species lines and throughout homologs within cated at its C-terminus, an interaction between the each species is consistent with a general theme in het-C-terminus of G t␥ and phosducin cannot be ruled out, erotrimeric G-coupled signal transduction pathways;
and it is not unlikely that the phosducin's thioredoxinnamely that the stereochemistry that regulates activity like domain interacts in some way with the farnesylated is highly conserved. Thus a canonical mechanism is C-terminus of G t ␥. likely to exist for downstream regulation functions as it does for GTP-induced conformational change (Noel et Lambright et al., 1994) , GTPase activity (Coleon G t ␤␥ Interaction man et Sondek et al., 1994) and G␣-G␤␥ inter- recently proposed a complete actions (Wall et al., 1995; . This phosducin phosphorylation/dephosphorylation cycle in conserved interface also explains why phosducin has a retinal rods that explains how PKA mediates lightsimilar affinity for all G␤␥ dimers tested (Mü ller et al., dependent phosducin phosphorylation. Upon light-1996) and suggests that it might be a general regulator in a variety of tissues.
Effect of Phosducin Ser-73 Phosphorylation
adaptation, a decrease in the cGMP concentration leads Figure 4A except that it is rotated clockwise ‫09ف‬Њ in the plane of the paper.
to the closure of cGMP-gated cation channels and the as seen in Figure 7C . proposed that the remainder of this positively charged surface intracellular Ca 2ϩ concentration falls. In response to lower Ca 2ϩ levels, adenylyl cyclase activity decreases, interacts with the membrane surface, as this would properly orient the G t ␣ region implicated in receptor reducing the cAMP concentration. This deactivates PKA, increasing the concentration of unphosphorylated, binding for interaction with rhodopsin. Figure 8 shows that the thioredoxin-like domain of phosducin binds this active phosducin. Upon dark-adaptation, the levels of cGMP and cAMP increase, and the phosducin phosregion of G t ␤␥, thereby sterically blocking the proposed G t ␤␥ interaction with the membrane. Furthermore, the phorylation level returns to the elevated state, maximizing signal amplification.
C-terminal domain of phosducin is highly negatively charged, as illustrated by the large heart-shaped negaAs seen in Figure 6 , the side chain of Ser-73, phosducin's PKA phosphorylation site, points toward the 30-tive electrostatic potential surrounding the thioredoxinlike domain in Figure 8 . This negative electrostatic poresidue disordered segment of phosducin, not toward Gt␤␥. Furthermore, Ser-73 is on the surface of phostential could play one or both of two roles: it could mimic the negative electrostatic potential of the membrane to ducin, accessible to PKA even in the phosducin/Gt␤␥ complex, as has been shown biochemically (Wilkins et enable phosducin to compete favorably with the membrane for binding to Gt␤␥, and/or it could create electroal., 1996) . Therefore, phosphorylation of Ser-73 does not lead directly to disruption of phosducin/G t ␤␥ interacstatic repulsion to push G t ␤␥ away from the negatively charged membrane surface. All of the proposed stereotions. Instead, the structure suggests that phosphorylation might lead to conformational changes in phosducchemical and electrostatic effects lead to phosducin translocating G t ␤␥ away from the membrane, into the in's N-terminal domain, especially in the flexible but highly conserved segment from 37 to 66, that could cytosol, where the phosducin/G t ␤␥ complex is normally found (Lee et al., 1988) . Consistent with this view is the weaken or alter the phosducin/G t ␤␥ interface. A number of phosducin's positively charged residues, notably Lysfact that phosducin's low isoelectric point (predicted pI ϭ 4.4) results from a very uneven distribution of nega-23, Arg-30 and Lys-71, are in close proximity to the phosphorylation site and could mediate a conformative residues, presumably for functional reasons: the N-terminal domain of phosducin (residues 1-110) has a tional change within the N-terminal domain of phosducin upon phosphorylation.
net charge of Ϫ3 whereas the C-terminal domain (111-246) has a net charge of Ϫ19.
Electrostatic Potential of the Complex and Gt␤␥ Translocation
Functional Implications Two types of heterotrimeric G protein regulators have Figure 8 illustrates the electrostatic potential of free G t ␤␥ and of the phosducin/G t ␤␥ complex. G t ␤␥ has a posibeen identified. RGS (regulator of G protein signaling similarity) domain proteins act on G␣ subunits, increastively charged surface on the side of the propeller where the farnesylated C-terminus of G t ␥ is located. The myrising their rate of GTP hydrolysis (Berman et al., 1996) . Phosducin also down-regulates G protein function, in toylated N-terminus of G t ␣ binds to the right side of this region, contacting the outer strands of blades 1 and 2, this case by acting on G␤␥ subunits, binding G␤␥, and Gt␤ is gold; Gt␥ is silver. Corresponding phosducininteracting residues are color-coded green for van der Waals interactions and red for ionic interactions and hydrogen bonds. The numbers 16, 18, and 34 placed directly on the ribbons correspond to positions in a WD40 repeat structure as numbered in Figure 5C . The orientation is the same as in Figure 5 . (B) Diagram showing the position of the phosducin residues interacting with G t␤␥. Residues that contact Gt␤␥ are yellow. The orientation is the same as in Figure 6B . (C) Molecular surface representation of G t ␤␥ in the same orientation as in (A) showing the surfaces that interact with phosducin (blue), G t ␣ (red), or both phosducin and G t ␣ (purple). G t ␤ is yellow and G t ␥ is white. Electrostatic potential contoured at ϩ1.5 kT (blue) and Ϫ1.5 kT (red) (ionic strength ϭ 100 mM). On the left is the phosducin/Gt␤␥ complex, in the same orientation as in Figure 6A . On the right is G t␤␥ alone, in the same orientation. This figure was generated using GRASP (Nicholls and Honig, 1991) .
translocating G␤␥ from the membrane to the cytosol, G␤␥ is now seen as an active component of the signal transduction system, interacting with numerous efthus preventing heterotrimer reassociation and subsequent rounds of receptor-mediated G protein activation.
fectors. G␤␥ subunits have been implicated as activators or inhibitors of various effectors (reviewed in ClapPhosducin's two domains are both spatially and functionally separate. Whereas the N-terminal domain is reham and Neer, 1993) , including phospholipase C, inward rectifier potassium channels and certain isoforms of adsponsible for competing with G t ␣ for the top face of Gt␤␥, the C-terminal domain appears to be responsible enylyl cyclase. G␤␥ subunits are also responsible for localizing ␤-adrenergic receptor kinase (Pitcher et al., for Gt␤␥ translocation away from the membrane. If the two phosducin domains are independently stable and 1992) and Raf1 kinase (Pumiglia et al., 1995) to the cell membrane, thereby targeting these kinases to their can perform each of these roles on their own, they would be powerful tools to study various aspects of Gt␤␥ intermembrane-bound substrates. As phosducin is present in various tissues and binds Gt␤␥ through conserved G␤ actions with effectors and Gt␣. Some experiments along these lines have already been done. Xu et al. (1995) and residues, phosducin is likely to be an important modulator of G␤␥ function not only in the visual system, but Hawes et al. (1994) showed that in transfection experiments the N-terminal regions of phosducin can inhibit also in other signal transduction pathways as well. In the visual system, G t ␤␥ is not thought to interact with downstream effectors. Furthermore, Tanaka et al. (1996) showed that, while the N-terminal domain binds G t ␤␥, proteins other than G t ␣ and phosducin. However in other systems, G␤␥ binds other proteins as well, opening up binding does not lead to G t ␤␥'s membrane dissociation. With regard to the C-terminal domain, it should be noted the possibility that phosducin, through a common binding mechanism, has different modulating functions spethat PhlP binds G␤␥ subunits even though it lacks most of the N-terminal domain (Schrö der and Lohse, 1996) . cific to the various pathways. However, Tanaka et al. (1996) have indicated that phosducin's C-terminal domain was not sufficient for mem-
Experimental Procedures
brane dissociation of Gt␤␥, and it is possible that the binding surface area in the absence of at least part of
Purification of Gt␤␥
the N-terminal domain is simply too small to support a Gt␤␥ was purified from bovine rod outer segments (ROS) using existing protocols (Bigay and Chabre, 1994) . ROS membranes were stable interaction. exposed to light, washed, then Gt was released with GTP␥S. Gt was and a fifth dataset was collected at 4, at the gadolinium ⌬fЈЈ maximum. The data were reduced and scaled using DENZO and SCALEdigested with endoproteinase LysC (endo-LysC), incubating 40 mg of G t with 20 U of endo-LysC for 48 hr at 4ЊC. Endo-LysC cleaves PACK (Z. Otwinoski). Three Gd 3ϩ sites were identified in the 4 anomalous difference Patterson, using the program SHELXS (Sheldrick, G t ␥ after Lys-68, removing the last three residues as well as the farnesyl moiety at Cys-71. G t ␣ and G t ␤␥ were then separated on a 1990). Two more Gd 3ϩ sites were found in the 4 anomalous difference Fourier maps calculated using the preliminary MAD phases. Cibacron Blue 3GA-Agarose column (Sigma). G t ␤␥ was further purified on a Mono-Q column (Pharmacia) eluting with an NaCl gradient, Four Se sites were also found in the 3 anomalous difference Fourier maps. The anomalous and isomorphous occupancies at 2, 3 and concentrated and buffer-exchanged using a Centricon-10 (Amicon) to a final concentration of >90 mg/ml. The protein was stored frozen 4 were refined against the 1 dataset (in which the Friedel pairs were merged) using MLPHARE (Z. Otwinoski, modified by G. Van at Ϫ80ЊC in 5 mM Tris-HCl (pH 7.5), 5 mM MgCl 2, 15 mM NaCl, and 40% glycerol. Duyne). Table 2 summarizes phasing statistics. It was not necessary to use the phases derived from the G t␤␥ model (Sondek et al., 1996) , which had been correctly positioned by molecular replacement, to Expression and Purification of Phosducin find the anomalous scatterers. Solvent flattening and partial modelThe full-length open reading frame of the rat phosducin cDNA (ATCC combination were done with the program DPHASE (G. Van Duyne). 63147; Craft et al., 1991) was subcloned into the pET15b (Novagen) The bulk of phosducin was then traced using the solvent-flattened NdeI and BamHI sites using PCR with the following primer se-MAD experimental map, using the program O (Jones et al., 1991), quences: 5Ј-CGCGGCAGCC ATATGGAAGA AGCCGCAAGC C-3Ј and the model was completed using both experimental maps and and 5Ј-AGCCGGATCC TTATTACTTC GATATCTTCA TCTTCC-3Ј.
partial model combined maps. The model was refined against a N-terminally His-tagged phosducin was expressed in the methionine combined dataset in which both the 1 and the 1-2 datasets were auxotrophic E. coli strain B834 (DE3) (Novagen) in a MOPS-based merged, using data from 50 to 2.4 Å , with a flat bulk solvent correcminimal media (Neidhardt et al., 1974) containing 50 mg/l DL-selenotion (Jiang and Brü nger, 1994) . Table 3 shows the refinement statismethionine (Sigma) instead of methionine. Cells were grown at 37ЊC.
tics. The molecular replacement and model refinement were carried The expression of phosducin was induced with 0.4 mM IPTG at an out with XPLOR 3.8 (Brü nger, 1992) . Packing and solvent accessibiloptical density of 0.8 (600 nm), and the cells were harvested 3 hr ity analysis was done using DSSP (Kabsch and Sander, 1983) . after induction. Cells were lysed by sonication in 20 mM Tris-HCl (pH 8), 500 mM NaCl, 1 mM PMSF, 0.1% Triton, 0.05% ␤-mercaptoethanol (␤-ME) and the lysate centrifuged at 120,000ϫ g. The soluble Acknowledgments fraction was loaded onto a Ni-NTA column (Qiagen) and eluted using an imidazole gradient from 20 to 250 mM. The His-tagged phosducin Correspondence should be addressed to P. B. S. We thank Heidi eluted at about 150 mM imidazole. The fractions containing phosHamm for helping secure rod outer segments; Jim Geiger, Joel ducin were then dialyzed for 2 hr against 10 mM Tris-HCl (pH 8.0), Hirsch, and Serge Pares for assistance during data collection; Craig 50 mM NaCl, 0.5 mM EDTA, 0.1% ␤-ME, loaded on a 20 ml Source-Q Ogata for access and help with the X4A beamline at the NSLS; column (Pharmacia) and eluted with an NaCl gradient at ‫053ف‬ mM Paul DiBello and Henrik Dohlman for helpful discussions and for NaCl. Phosducin was finally concentrated to >60 mg/ml and buffercommunicating results before publication; and Dave Lambright, exchanged by ultrafiltration on a Centricon-10 and stored frozen at John Sondek, and other members of the Sigler lab for valuable Ϫ80ЊC in 10 mM Tris (pH 8), 50 mM NaCl, 1 mM DTT, and 10% advice and discussions. Amino acid analysis was performed in the glycerol. The resulting material was at least 95% pure, as assessed Howard Hughes Medical Institute facilility W. M. Keck Foundation on an overloaded silver-stained gel. This purification protocol typiBiotechnology Research Lab at Yale University. This work was supcally yields 20-25 mg of pure protein per liter of culture. Quantitative ported by a grant from the National Institutes of Health to P. B. S. amino acid analysis of the selenomethionine-substituted protein (GM22324); R. G. is supported by an NSERC 1967 fellowship. The indicated that >93% of the methionines had been substituted with coordinates of the phosducin/Gt␤␥ structure will be submitted to selenomethionine.
the Brookhaven Protein Data Bank.
Data Collection and Structure Determination
Craft, C.M., Lolley, R.N., Seldin, M.F., and Lee, R.H. (1991) . Rat MAD data were collected from a frozen crystal at 100 K, at the NSLS pineal gland phosducin: cDNA isolation, nucleotide sequence, and X4A beamline, using Fuji image plates. Table 1 summarizes the data chromosomal assignment in the mouse. Genomics 10, 400-409. statistics. Inverse beam data were collected at three wavelengths Clapham, D.E., and Neer, E.J. (1993) . New roles for G-protein ␤␥-near the selenium K␤1 edge: 1 at the low energy side of the edge, dimers in transmembrane signaling. Nature 365, 403-406. 2 at the ⌬fЈ minimum, 3 at the ⌬fЈЈ maximum. A fourth dataset was collected at 1 with longer exposures (1-2), to be used during the Coleman, D.E., Berghuis, A.M., Lee, E., Linder, M.E., Gilman, A.G., and Sprang, S.R. (1994) . Structures of active conformations of G i␣1 final steps of refinement. The crystal was removed and maintained frozen in propane to adjust the wavelength to the Gd 3ϩ L␥1 edge, and the mechanism of GTP hydrolysis. Science 265, 1405-1412.
